23 5 characterized by deficits in lipid precursors for eCBs, which resulted in impaired activity 95 of the eCB system in the brain. Increase of the eCB levels after pharmacological 96 blocking of the eCB degrading enzymes, or complementation of the diet with 97 arachidonic acid, a precursor of eCBs, is sufficient to normalize both the microbiota-98 induced depressive-like behaviors and hippocampal neurogenesis in recipient mice. 99
SUMMARY 24
Depression is the leading cause of disability worldwide. Recent observations have 25 revealed an association between mood disorders and alterations of the intestinal 26 microbiota, but causality remains yet to be established. Here, using unpredictable 27 chronic mild stress (UCMS) as a mouse model of depression, we show that the UCMS 28 mice display phenotypic alterations -characterized by an altered gut microbiota 29 composition, a reduced adult hippocampal neurogenesis and a depressive-like 30 behaviors -which could be transferred from UCMS donors to naïve recipient mice by 31 fecal microbiota transplantation. The cellular and behavioral alterations observed in 32 recipient mice were accompanied by a decrease in the endocannabinoid (eCB) 33 signaling due to lower peripheral levels of fatty acid precursors of eCB ligands. The 34 adverse effects of UCMS-transferred microbiota on adult neurogenesis and behavior 35 in naïve recipient mice were alleviated by selectively enhancing the central eCB tone 36 or by adding arachidonic acid, a fatty acid precursor of eCB ligands, to the diet. In the 37 gut of both UCMS donors and recipients, the microbiota composition was 38 characterized by a relative decrease in Lactobacilli abundance, and complementation 39 of the UCMS recipient microbiota with a strain of the Lactobacilli genus was sufficient 40 to restore normal eCB brain levels, hippocampal neurogenesis and to alleviate 41 depressive-like behaviors. Our findings provide a mechanistic scenario for how chronic 42 stress, diet and gut microbiota dysbiosis generate a pathological feed-forward loop that 43 contributes to despair behavior via the central eCB system. 44
INTRODUCTION 45
Depression is the leading cause of disability worldwide, currently affecting more than 46 300 million people 1 . Despite the prevalence of depression and its considerable 47 economic impact, its pathophysiology remains highly debated. Yet, a better 48 understanding of the mechanisms leading to depression is a prerequisite for 49 developing efficient therapeutic strategies. However, unraveling the pathophysiology 50 of depression is challenging, as depressive syndromes are heterogeneous and their 51 etiologies likely to be diverse. Experimental and genetic studies have yielded several 52 mechanisms including maladaptive responses to stress with HPA axis dysregulation, 53 inflammation, reduced neuroplasticity, circuit dysfunctions and perturbation in 54 neuromodulatory systems such as monoaminergic and endocannabinoid (eCB) 55
systems. 56
A number of studies converge to indicate hippocampal alterations as critical in 57 the pathogenesis of depression. For instance, hippocampal volume loss is a hallmark 58 of clinical depression [2] [3] [4] . Likewise, rodent studies have demonstrated that chronic 59 stress-induced depression impair adult hippocampal neurogenesis [5] [6] [7] [8] . Furthermore, 60 impaired hippocampal neurogenesis results in depressive-like behaviors in rodent, in 61 part because hippocampal neurogenesis buffers the over-reactivity of the 62 hypothalamic-pituitary-adrenal (HPA) axis in response to stress [9] [10] [11] . In that line, 63 antidepressants and alternative antidepressant interventions stimulate adult 64 hippocampal neurogenesis, which in turn dampens stress responses and restores 65 normal behavior [12] [13] [14] . Adult hippocampal neurogenesis is thus considered as an 66 important causal factor and a key marker of depression, although a direct causal link 67 is still missing in human depression 15, 16 . 68 69 4 Over the last decade, the impact of the symbiotic microbiota on numerous host 70 functions has been increasingly recognized. The wide variety of intestinal microbes 71 affects many processes including immunity 17 , metabolism 18 and the central nervous 72 system 19 . In depressed patients, alterations in the composition of the intestinal 73 microbiota (named dysbiosis) have been characterized 20, 21 . Furthermore, numerous 74 studies on animal models have shown that the microbiota modulates anxiety 22-24 and 75 onset of neurological diseases associated to circuit dysfunctions 25, 26 by releasing 76 bacterial metabolites that can directly or indirectly affect brain homeostasis 19, 27 . In that 77 line of ideas, microbiota from depressed patients alter behavior when transferred to 78 antibiotic-treated rats 28 and murine gut microbiota dysbiosis is associated with several 79 neurobiological features of depression, such as low-grade chronic inflammation 29 , 80 abnormal activity of the HPA axis 30,31 and decreased adult neurogenesis 12, 32 . The 81 notion that microbiota is a critical node in the gut-brain axis is also supported by the 82 observation that colitis, which depends on the gut microbiota, shows significant 83 comorbidities with depression 33 . Finally, probiotic intervention has been shown to 84 influence emotional behavior in animal models of depression [34] [35] [36] and improve mood 85 in depressive patients [37] [38] [39] . However, the molecular mechanisms linking intestinal 86 microbiota and mood disorders remain largely unknown, partly due to the lack of 87 experimental models. 88
To explore a causative role of the gut microbiota in stress-induced depressive 89 behaviors, we used unpredictable chronic mild stress (UCMS), a mouse model of 90 depression, and fecal microbiota transfer (FMT) from stressed donors to naïve mice. 91
We found that the microbiota transplantation transmits the depressive behavioral 92 symptoms, and reduces adult neurogenesis of the recipient mice. Metabolomic 93 analysis reveals that recipient mice developed an altered fatty acid metabolism 94 related behaviors (Fig. 1C) . Similar results were obtained when UCMS microbiota was 141 transferred to recipient SPF mice that were treated with broad-spectrum antibiotics for 142 6 days until one day prior to FMT (Supplementary Fig. 2) . Because germ-free mice 143 might exhibit some behavioral abnormalities due to sustained disruption in the 144 microbiota-gut-brain axis, all subsequent experiments were performed using short-145 term antibiotic-treated recipient mice. Finally, recipients of UCMS microbiota also 146 showed decreased proliferation of neural stem cells ( Fig. 1G and H) and decreased 147 production of new neurons in the hippocampus ( Fig. 1G and I) . These data 148 demonstrate that the hallmarks of depressive-like behaviors are transferable to naïve 149 recipient mice by the transplantation of fecal microbiota obtained from stressed-150 induced depressive mice. 151 8 Gut microbiota from stressed mice alters fatty acid metabolism and the 152
hippocampal endocannabinoid system 153
We explored the possibility that UCMS microbiota triggered depressive-like behaviors 154 through alterations of the host's metabolism. Metabolomic profiling of serum revealed 155 a significant decrease in the levels of monoacylglycerols (MAG) and diacylglycerols 156 (DAG) in both UCMS mice and recipients of UCMS microbiota, as compared to control 157 and recipients of control microbiota ( Fig. 2A) . Furthermore, the n-6 polyunsaturated 158 fatty acid (PUFA), arachidonic acid (AA, 20:4n-6), its precursor linoleic acid (18:2n-6), 159 and n6-PUFA biosynthesis intermediates, were significantly decreased in both UCMS 160 donors and recipients ( Fig. 2B and C) . This lipids loss was specific to short-chain fatty 161 acids since levels of several medium-and long-chain fatty acylcarnitines rather 162 increased in UCMS microbiota recipients (Supplementary Fig. 3) . 163
Such changes in the levels of fatty acids could originate from altered gut 164 permeability and/or dysbiosis-induced lipid metabolism changes. To test the first 165 hypothesis, we quantified fluorescence level in the serum following gavage with FITC-166 dextran and found no change in gut permeability (Supplementary Fig. 3E ). To 167 address the second hypothesis, we scrutinize several fatty acid metabolites and found 168 that two precursors for the production of eCB, AA-containing DAG and n-6 PUFA, were 169 dramatically reduced in recipient mice transplanted with UCMS microbiota but not with 170 control microbiota. Interestingly, dysregulation of the eCB system and its main central 171 receptor CB1 has been associated with the pathophysiology of depression both in 172 humans and in UCMS model of depression 44,45 . 173 Since previous studies have shown that activation of the CB1 receptors 174 produces anxiolytic and antidepressant-like effects, notably via the modulation of 175 hippocampal neurogenesis 46-48 , we investigated into more details the brain eCB 176 9 system. We examined both the hippocampal production of eCB ligands and the 177 activation level of the CB1 receptor pathway. As the AA-containing are precursors of the endocannabinoid 2-arachidonoylglycerol (2-AG), we first 179 compared the levels of 2-AG and its more stable metabolite 1-AG in the hippocampus 180 and serum of donor and recipient mice 49 . Levels of hippocampal 2-AG, determined by 181 mass spectrometry, revealed a significant decrease in both UCMS donors and 182 recipients ( Fig. 2D) , with a strong inverse correlation found between the serum levels 183 of 1-AG and the depressive state ( Fig. 2E) . Similar results were reported for other 184 eCBs ( Fig. 2F) . 185
In the hippocampus, activation of CB1 receptors triggers mTOR signaling. To 186 evaluate whether deficiency in 2-AG leads to altered activity of the mTOR pathway, we 187 quantified phosphorylated (active) mTOR and its downstream effectors in both UCMS 188 donor and recipient mice. mTOR phosphorylates the 70-kDa ribosomal protein S6 189 kinase (p70S6K) at T389 50 and the activated p70S6K in turn phosphorylates the 190 ribosomal protein S6 (rpS6) at S235/236, which initiates mRNA translation 51 . Donors 191 and recipients of UCMS microbiota showed significantly decreased phosphorylation of 192 mTOR (p-mTOR), p70S6K (p-p70S6K), and rpS6 (p-rpS6) ( Fig. 2G to I) . Collectively, 193 these results demonstrate that the signature in lipid metabolism of UCMS microbiota 194 comprises a deficiency in serum 2-AG precursors, lower content in hippocampal 2-AG 195 and breakdown of the mTOR signaling. Remarkably, these features were found to be 196 transmittable to naïve recipient mice following FMT. 197 198 
Restoration of eCB signaling normalizes behavior and adult neurogenesis 199
To further demonstrate the role of defective eCB signaling in the depressive-like 200 behaviors of mice transferred with UCMS microbiota, we next assessed whether 201 12 ( Fig. 5G) , while the total number of species (alpha diversity) did not vary significantly 252 ( Fig. 5H) . In-depth analysis of bacterial families showed an increase in 253
Ruminococcaceae, and Porphyromonodaceae, as well as a decrease in 254
Lactobacillaceae in UCMS mice ( Fig. 5G and Supplementary Fig. 5) . These results 255 are in agreement with recent studies reporting an association between low frequencies 256 of Lactobacilli and stress in mice [56] [57] [58] or depression in patients 59 . Importantly, the 257 differences in microbiota composition between recipient mice of UCMS and control 258 microbiota were maintained 8 weeks after transfer ( Fig. 5G) , in particular the decrease 259 in Lactobacillaceae ( Fig. 5G and Supplementary Fig. 5 ), while the total number of 260 species (alpha diversity) did not vary ( Fig. 5H) . 261
Since the frequencies of Lactobacillaceae were decreased in UCMS microbiota 262 when compared to control microbiota ( Fig. 5G) , we tested whether complementation 263 of UCMS microbiota with Lactobacillaceae normalized behaviors and neurogenesis 264 levels in recipients of UCMS microbiota. To this end, the microbiota of recipients was 265 complemented with a strain of Lactobacillus plantarum (Lp WJL ) shown to modulate the 266 host's lipid composition 60,61 , to stimulate juvenile growth 62 and to influence affective 267 behavior in mice 63 . Recipient mice of UCMS microbiota were given orally Lp WJL for 5 268 weeks starting 3 weeks after microbiota transfer ( Fig. 5A) . We observed that Lp WJL 269 restored normal levels of hippocampal 2-AG ( Fig. 5B) , reversed the depressive-like 270 behaviors induced by UCMS microbiota (Fig. 5C and D) and partially restored the 271 production and the survival of hippocampal newborn neurons ( Fig. 5E and F) In the present study, we have explored the mechanisms by which gut microbiota 276 dysbiosis contributes to brain dysfunctions and behavioral abnormalities associated 277 with depressive-like states. Chronic stress is recognized as a major risk factor for 278 depression 64 and most animal models of depressive-like behaviors rely on chronic 279 stress or manipulation of the stress-sensitive brain circuits 65 . Using UCMS as a mouse 280 model of depression, we showed that, upon transplantation to naïve hosts, the 281 microbiota from UCMS mice reduced adult hippocampal neurogenesis and induced 282 depressive-like behaviors. 283
Searching for mechanistic explanations of these dysfunctions, we found that 284 UCMS microbiota alters the fatty acid metabolism of the host, leading to paucity in 285 precursors of the eCB system, such as AA, reduced production of the eCB 2-AG in the 286 hippocampus, and diminished signaling in the hippocampal eCB system. Restoration 287 of normal eCB signaling levels in mice recipient of UCMS microbiota after blocking the 288 2-AG-degrading enzyme, or after complementation of the diet with the 2-AG precursor 289 AA, both restored adult neurogenesis and behaviors. Finally, UCMS-induced 290 perturbations of the gut bacterial composition were characterized by loss of 291
Lactobacillaceae, an alteration that was maintained after microbiota transplantation to 292 naïve hosts. The mere complementation of the UCMS recipients' microbiota with 293 Lactobacillus plantarum Lp WJL was sufficient to normalize the levels of 2-AG in the 294 hippocampus and restore affective behaviors and adult hippocampal neurogenesis. 295
The eCB system has been reported to regulate mood, emotions and responses 296 to stress through activation of the cannabinoid receptor CB1. For instance, the CB1 297 receptor antagonist rimonabant, initially prescribed for the treatment of obesity and 298 associated metabolic disorders, increases the incidence of depressive symptoms 66 . 299 14 Furthermore, a higher frequency in a mutant allele for the CB1 receptor gene CNR1 is 300 observed in depressed patients 67 . In contrast, cannabis (that includes the eCB ligand 301 delta-9 tetrahydrocannabinol or THC) improves mood in humans 68 and synthetic CB1 302 agonists produce anxiolytic-and antidepressant-like effects in animal models 69 . In 303 particular, chronic stress has been showed to decrease eCB signaling in the brain 70-304 74 . Here, we show that the intestinal microbiota is sufficient to initiate a pathological 305 feed-forward loop for depressive disorders by impairing the eCB system in the 306 hippocampus, a brain region strongly involved in the development of depressive 307 symptoms. Previous studies have shown that the reduction in hippocampal CB1 308 signaling, involving mTOR, induces depressive-like behaviors 75 , and different studies 309 on postmortem brains of depressed patients have shown deficits in mTOR 310 signaling 76,77. In line with this, we observed a specific decrease in 2-AG, one of the two 311 major eCB ligands, in mice receiving UCMS-derived microbiota, but not medium-or 312 long-chain fatty acids. This result is reminiscent to clinical observations reporting low 313 serum levels of 2-AG in patients suffering from depression, post-traumatic stress 314 disorder or chronic stress, but not of the other main eCB ligand anandamide [78] [79] [80] . 315
The eCB system exerts its pleiotropic effects through multiples neuronal 316 processes including, but not limited to, adult hippocampal neurogenesis. The eCB 317 system is known to regulates adult neurogenesis via the CB1 receptor 81 expressed by 318 neural progenitor cells 46,48 . CB1-deficient mice show impaired neural progenitor 319 proliferation, self-renewal, and neurosphere generation 46 whereas CB1 receptor 320 agonists increase neurogenesis 69, 82, 83 . In addition to this neurogenic effect occurring 321 in the hippocampus, other CB1 receptor-dependent processes might contribute to the 322 pathophysiology of our microbiota-induced depression. Further studies should be 323 conducted to test whether other brain targets of eCB signaling are equally affected by 324 15 microbiota dysbiosis. 325
It has been reported previously that the microbiota modulates the activity of the 326 eCB system in the gut [84] [85] [86] [87] . In the present study, we further demonstrate that the 327 dysbiotic gut microbiota from UCMS mice is sufficient to induce dysregulation of the 328 eCB system in the brain. We report that this dysregulation originates from a systemic 329 decrease in eCB precursors. Modifications in gut microbiota composition following 330 chronic stress has been extensively reported 56, 58, [88] [89] [90] . In particular, low frequencies of 331
Lactobacillaceae are correlated with stress levels in mouse models [56] [57] [58] . Dysbiosis of 332 the gut microbiota and low Lactobacilli frequency have also been detected in 333 depressed patients 20,21,28,59 , and transplantation of the microbiota from these patients 334 into germ-free mice induces depressive-or anxiety-like behaviors in the recipients 28, 91 . 335
In line with these results, a probiotic treatment with Lactobacilli ameliorates depressive-336 and anxiety-like behaviors in mice 58, 63 . Gut microbiota also modulates adult 337 neurogenesis 92,93 and a Lactobacillus strain has been shown to promote the survival 338 of hippocampal neuronal progenitor 92 . Numerous studies have shown that Lactobacilli 339 treatment, as well as the administration of other probiotics, are beneficial in significantly 340 lowering depression and anxiety scores in patients 94-100 . L. plantarum in particular was 341 recently shown to alleviate stress and anxiety 101 . Our study demonstrating the 342 beneficial effects of L. plantarum WJL to complement a maladaptive microbiota adds to 343 several emerging evidence showing an antidepressant effects of probiotics in major 344 depression 99,100 . We have found that one of the mechanisms by which Lactobacilli 345 promotes these effects is through regulation of the bioavailability of eCB precursors. 346
A major finding of our study is that recipients of UCMS microbiota developed an 347 altered fatty acid metabolism characterized by deficiency in MAG, DAG and fatty acids. 348
Serum levels of MAG, DAG and PUFAs were inversely correlated with the severity of 349 16 depressive-like behaviors. Further studies should clarify whether serum levels of fatty 350 acid could be considered as earlier biomarker for mood disorders. It has been reported 351 that nutritional n-3 PUFA deficiency abolishes eCB-mediated neuronal functions 102 , 352 and conversely, that n-3 PUFA dietary supplementation reverses some aspects of 353 UCMS-induced depressive-like behaviors in mice 102, 103 . We may speculate that UCMS 354 microbiota promotes the degradation of PUFA or alters the absorption of these fatty 355 acids. The mechanisms by which gut microbiota modulates the host's fatty acid 356 metabolism has been partially investigated in several animal models. Microbiota 357 regulates intestinal absorptionand metabolism of fatty acids in the zebrafish 104,105 , and 358 in rodents, Lactobacilli species modulate lipid metabolism 106,107 . Specifically, 359
Lactobacillus plantarum modulates the host's lipid composition by reducing the level 360 of serum triglycerides in the context of high fat diet 60,108,109 . Furthermore, in humans, 361
Lactobacillus plantarum is associated with lower levels of cholesterol 61 . It is proposed 362 that Lactobacillus plantarum regulates fatty acid metabolism and modifies fatty acid 363 composition of the host 107 . 364
In sum, our data show that microbiota dysbiosis induced by chronic stress 365 affects lipid metabolism and the generation of eCBs, leading to decreased signaling in 366 the eCB system and reduced adult neurogenesis in the hippocampus. This might be 367 the pathway, at least in part, that links microbiota dysbiosis to mood disorders, which 368 in turn, may affect the composition of the gut microbiota through physiological 369 adjustments and modulation of the immune system. Because we were able to interrupt 370 this pathological feed-forward loop by administrating arachidonic acid or a 371
Lactobacillus probiotic strain, our study supports the concept that dietary or probiotic 372
interventions might be efficient weapons in the therapeutic arsenal to fight stress-373 associated depressive syndromes. 374
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Campbell, S. & MacQueen, G. An update on regional brain volume differences 403 associated with mood disorders. Current Opinion in Psychiatry (2006 1155-1162 (2014) . 738-742 (2006) . Invest. 115, 3104-16 (2005) . 83-7 (1996) . restraint (1h-1h30 in a clean 50 mL conical tube with pierced holes for ventilation), 716 altered light/dark cycle. On average, two stressors were administered per day. The 717 28 timeline of the stressor exposure is described in Supplementary Table S1 . For 718 stressed animals, cages were changed after 'wet bedding ' and 'no bedding' stressors. 719 Unstressed controls were handled only for injections, cage changes and behavioral 720 tests. (https://github.com/aghozlane/masque) as described 4 . OTU representative sequences 761 were assigned to the different taxonomic levels using RDP Seqmatch (RDP database, 762 release 11, update 1) 5 . Relative abundance of each OTU and other taxonomic levels 763
was calculated for each sample in order to consider different sampling levels across 764 multiple individuals. After trimming, numbers of sequences clustered within each OTU 765 (or other taxonomic levels) were converted to relative abundances. Statistical analyses 766
were performed with SHAMAN (shaman.c3bi.pasteur.fr) as described 6 . Briefly, the 767 30 normalization of OTU counts was performed at the OTU level using the DESeq2 768 normalization method. In SHAMAN, a generalized linear model (GLM) was fitted and 769 vectors of contrasts were defined to determine the significance in abundance variation 770 between sample types. The resulting P-values were adjusted for multiple testing 771 according to the Benjamini and Hochberg procedure 7 . Principal coordinates analysis 772 (PCoA) was performed with the ade4 R package (v.1.7.6) using a Bray-Curtis 773 dissimilarity matrix. Further statistical analysis was conducted using Prism software 774 (GraphPad, v6, San Diego, USA). 775 776 Gut permeability test. This examination is based on the intestinal permeability to 4kD 777 fluorescent-dextran (Sigma-Aldrich). After 4 hours of food withdrawal, mice were orally 778 administered with FITC-dextran (0,6 g/kg body weight). After 1 hour, 200μl of blood 779 was collected in Microvette ® tube (Sarstedt, Marnay, France). The tubes were then 780 centrifuged at 10 000g for 5 minutes, at room temperature, to extract the serum. 781
Collected sera were diluted with same volume of PBS and analyzed for FITC 782 concentration at excitation wavelength of 485 nm and the emission wavelength of 535 783 nm. 784 785 Behavioral Assays. Anxiety and depressive-like behaviors were assessed at time 786 points of interest. Mice were tested for light/dark box, splash test, novelty suppressed 787 feeding, tail suspension test and forced swim test, in that order. In order to limit the 788 eventual microbiota divergence once the recipient mice were removed from the 789 isolators, behavioral tests were performed within a week, with at least 24 hours 790 between each behavioral test. Order of passage between groups was randomized. 791 on the dorsal coat of a mouse in its home cage. Because of its viscosity, 802 the sucrose solution dirties the mouse fur and animals initiate grooming 803 behavior. After applying sucrose solution, latency to grooming, frequency 804 and time spent grooming was recorded for a period of 6 minutes as an 805 index of self-care and motivational behavior. The splash test, 806 pharmacologically validated, demonstrates that UCMS decreases 807 grooming behavior, a form of motivational behavior considered to parallel 808 with some symptoms of depression such as apathetic behavior [8] [9] [10] . The NSF was carried out similar to 810 a published protocol 9 . Mice were deprived of food for 24h before being 811 placed in a novel environment, a white plastic box (50x50x20cm) whose 812 floor was covered with wooden bedding. A single food pellet (regular 813 chow) was placed on a piece of filter paper (10cm in diameter), 814 positioned in the center of the container that was brightly illuminated 815 (~500 lux). The mouse was placed in one corner of the box and the 816 latency to feed was measured during 10 min. Feeding was defined as 817 32 biting not simply sniffing or touching the food. Immediately after the test, 818 the animals were transferred into their home cage and the amount of food 819 consumed over the subsequent 5 min period were measured as a control 820 of feeding drive. 821 § Tail Suspension test. Mice were suspended by the tail using adhesive 822 tape affixed 1cm from the origin of the tail, on a metal rod under dim light 823 conditions (~40 lux). The behavior of the animals was recorded by a 824 video camera during a 5 min period and total immobility time was 825 evaluated in a blind manner. 826 § Forced Swim test. Mice were placed individually into plastic cylinders 827 (19cm diameter, 25cm deep) filled to a depth of 18 cm with water (23-828 25°C) under dim light conditions (~40 lux) for 5 min. The behavior of the 829 animals was recorded by a video camera and immobility time was 830 automatically evaluated using EthoVision XT 5.1 software (Noldus 831 Information Technology). 832
Anxiety
In both TST and FST, mice face an uncomfortable situation that they confront by 833 attempting to move out of it, and eventually surrender to. 834 33 5-Ethynyl-2'-deoxyuridine (EdU) Labeling. The study of proliferation and 835 differentiation of neural stem cells in the dentate gyrus was performed by incorporation 836 of 5-ethynyl-2'-deoxyuridine (EdU, Click-iT EdU Imaging Kit; Molecular Probes) to 837 allow the analysis of proliferation and differentiation. Mice received four intraperitoneal 838 injections (100 mg/kg), at 2 h intervals, on a single day, 4 weeks before perfusion, for 839 the analysis of cell survival. EdU incorporation was visualized as described in the 840 immunohistochemistry section. 841 842 Immunohistochemical Analysis. Mice were deeply anesthetized with sodium 843 pentobarbital (i.p., 100 mg/ kg, Sanofi) and perfused transcardially with a solution 844 containing 0.9% NaCl and heparin (Sanofi-Synthelabo), followed by 4% 845 paraformaldehyde in phosphate buffer, pH 7.3. Brains were removed and postfixed by 846 incubation in the same fixative at 4°C overnight. Tissues were cryoprotected by 847 incubation in 30% sucrose in PBS for 24 h. Immunostaining was performed on 40-µm 848 or 60-µm thick coronal brain sections obtained with a vibrating microtome (VT1000S, 849 Leica). Nonspecific staining was blocked by 0.2% Triton, 4% bovine serum albumin 850 (Sigma-Aldrich) and 2% goat serum and free-floating slices were then incubated with 851 the following primary antibodies at 4°C overnight: rabbit anti-DCX (Abcam, ab 18723), 852 rabbit anti-Ki67 (Abcam, ab16667), mouse anti-NeuN (Millipore, MAB377). Secondary 853 antibodies (Alexa Fluor-conjugated secondary antibodies, Molecular Probes) were 854 then incubated at room temperature. DAPI (1µg/mL) was used as a nuclear stain. EdU 855 was visualized using the Click-iT reaction coupled to an Alexa Fluor® azide following 856 the instructions of the manufacturer (Molecular Probes). 857 
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